The sequence of the 3'-terminal 1210 nucleotides of RNA 1 and the complete sequence of 3389 nucleotides of RNA 2 of tobacco rattle virus (TRV) strain TCM has been deduced. The sequence of the 3'-terminal 1099 nucleotides of RNAs 1 and 2 was found to be Identical. Thus the genome of this TRV strain 1s partially diploid, encoding a 16K protein 1n both RNA 1 and RNA 2. The sequence that 1s unique to RNA 2 contains two open reading frames: the coat protein cistron and a cistron for a 29.IK protein, which shows no homology with the RNA 1 encoded 28.8K protein. cDNA probes corresponding to these two open reading frames cross-hybridized to pea early-browning virus RNA 2, but not to RNA 2 of five other tobraviruses tested.
INTRODUCTION
The genome of tobraviruses is bipartite and consists of RNAs 1 and 2 (1) . The members of this group can be divided Into three clusters which mainly differ in the sequence of their RNA 1 molecules (2, 3) . Cluster 1 contains strains of tobacco rattle virus (TRV) serotype I-II, cluster 2 contains strains of pea early-browninq virus (PEBV) and cluster 3 is represented by the CAPstrain of TRV (2) . In vitro translation studies have shown that RNA 1 of strains PRN (cluster 1) and CAM encodes a 120K protein, and a 170K protein that is produced by read-through translation of the 120K cistron (4, 5, 6) . Recently, we have sequenced the 3'-terminal 2077 nucleotides of RNA 1 of strain PSG (cluster 1), showing that the 170K cistron 1n this genome segment is followed by reading frames for a 28.8K protein and a 16K protein (3) . A similar genome organization has been reported for the 3'-term1nal 2kb region of RNA 1 of strain SYM (7) . cDNA probes corresponding to the 3'-terminal 2077 nucleotides of PSG-RNA 1 cross-hybridized to RNA 1 of five cluster 1 strains, but not to RNA 1 of PEBV or the CAM-strain (3).
The length of RNA 2 differs from strain to strain and varies between 1800 and 4500 nucleotides (2) . Recently, the complete nucleotide sequences have been reported for RNA 2 of strain CAM (1799 nucleot1des) (8) and strain PSG (1905 nucleotides) (3) . Both genome segments contain a single open reading frame encoding the viral coat protein, and show a 3'-terminal homology with the corresponding RNA 1 molecules of 459 and 497 nucleotides, respectively. Here, we report the sequence of the 3389 nucleotides of an RNA 2 molecule of another cluster 1 virus, strain TCM, together with the sequence of the 3'-terminal 1210 nucleotides of RNA 1 of this strain. TCM-RNAs 1 and 2 share an identical sequence of 1099 nucleotides at their 3'-end. In addition to the coat protein cistron, the sequence that is unique to TCM-RNA 2 contains an open reading frame for a 29.IK protein that shows no resemblance to the RNA 1 encoded 28.8K protein. cDNA probes corresponding to different regions of TCM-RNA 2 were assayed for a possible cross-hybridization with RNA of six other tobraviruses.
MATERIALS AND METHODS
Purification of viral nuoleopvotein and RNA. The sources from which the virus strains were obtained have been described by Cornelissen et al.(3) . Virus was purified from Samsun NN tobacco by the method used for the Isolation of alfalfa mosaic virus (9) . RNA was extracted with phenol /chlorophorm (1:1) at 65 C, from purified virus suspensions that had been incubated in 1% SDS for 15 min at 37°C. Ethanol precipitated RNA was dissolved in 20mM Tris-HCl, pH 7.6, 0.1 mM EDTA.
Synthesis and cloning of double-stranded cDNA. DNA copies of TCM-RNA were cloned by the techniques described previously (3) .
DNA sequencing. cDNA inserts or restriction fragments thereof, were subcloned into the mp and tg derivatives of M13 (10, 11) and sequenced by the dideoxy chain termination method (12) using (a-S)-dATP (13) . If necessary breakpoints were created by unidirectional digestion with exonuclease III (14) .
RNA sequencing. Sequences of 5'-labeled RNA molecules were determined by the wandering spot technique as described previously (3, 15) . Labeling of TCM-RNA 2 at the 3'-end was done in a total volume of 30 yl, containing 40 mM Tris-HCl, pH 7.9,0.1 mMEDTA, 50 mM NaCl, 10 mM MgCl 2> 10 uCi (a-32 P)-ATP (Amersham, 3000 C1/mmol) and 1 yg of CTP-.ATP tRNA nucleotidyl transferase. After an incubation of 16 hours at 4°C the RNA (2 ug) was phenol extracted and precipitated with ethanol. The RNA was dissolved in 10 yl 20 nW Na-citrate, pH 5.0, 9 M urea, 1 mM EDTA, 0.05% bromophenol blue and run through a 10X polyacrylamide/8 M urea gel. Radioactive 3'-terminal fragments, located by autoradiography, were eluted from the gel as described by Peattie and Gilbert (16) . RNA sequencing was done according to Peattie (17) and Donis-Keller (18) . Digests were analysed on 15* polyacrylamide/8 M urea slabgels. The rationale for using this 3'-labeling technique will be presented elsewhere (Van Belkum et at., manuscript in preparation).
Northern blotting and hybridization. This was done by the techniques described in the previous paper (3).
RESULTS

Sequence of TCM-RNAs
Initially, two overlapping cDNA clones of TCM-RNA 2 were sequenced: clone 15 (nucleotides 4-1657) and clone 36 (nucleotides 1307-3301). Later on, we isolated a nearly full-length clone of RNA 2 (clone 9) that was used to sequence nucleotides 3301-3389. Sequencing of 5'-labeled RNA 2 over a length of 11 nucleotides by the wanderinq spot technique showed that the first three nucleotides of RNA 2 were missing in clone 15. Sequence ladders made of 3'-labeled RNA 2 showed that the 3 1 -terminal sequence of RNA 2 was represented in clone 9. Together, these data permitted the deduction of the complete sequence of the 3389 nucleotides of TCM-RNA 2. In addition, limited sequence data were obtained for TCM-RNA 1 and TCM-RNA 4, a putative subgenomic messenger for coat protein. The wandering spot technique revealed that the 5'-terminal sequence of TCM-RNA 1 is Identical to PSG-RNA 1 (3) for at least 16 nucleotides. The 5'-terminal sequence of TCM-RNA 4 was found to be AUAAUUAUACUG-. One clone from the cDNA library (clone 7) was found to correspond to TCM-RNA 1. A comparison with PSG-RNA 1 (3) and TCM-RNA 2 (see below) showed that the sequence of the 1210 bp insert of clone 7 was co-terminal with the 3'-end of TCM-RNA 1. 10  20  30  40  50  60  70  80  90   UAACGUACUUAUCCGACACAGCCUUUAUCCCUUUGUUGACAGCUUUUUCUCAACUKCACCGAAAUUCUCGAUUUACUUCCUCGCUACAAG   100  110  120  130  140  150  160  170  180  ACUGAAGCAAUGUACCUCUAUUUUUAGAUACUUAAUAGGUAUCUUCUCAAAUACCAUAAACAUCAGACGCAUCGCUUCCGAAAGUACCAU  190  200  210  220  230  240  250  260  270  UAAAACCUAAACCUUACUAAAUGACAAAUUUUAGUUUGGIJOGUUCAAAAACGUCACUCAAACUCAAUUUGACUGUCCCCACAACAGAACC  280  290  300  310  320  330  340  350  360  AUGUCACGUUCCUUUUCGCCGIJUUCACACUAUCUUAAGACAAAGUGUUAAAAUACUGACAAUAUUCUCACIJAUCAGCAUAAUUAUACUGC  370  380  390  400  410  420  430  •  450  UUAUCCUCUCGCUGAUAGAGACUAUCAUUCUUAAAAUCACUUUGAAAGCUACUCUUGOUGAUACACACGUUGCUUUAUCACUUCCACUAC  ._  .460  470  480  490  500  510  520  530 540 1270  1280  1290  1300  1310  1320  1330  1340  1350  VWFUVLTD1VKISHFVSQVPTDLSPIPSSY  GUUUCCUUCGAUGUACUGACUGACAUAGUUAAGAUCUCUCAUUUCGUUUCACACGUACCAACCGAUUUCUCUCCAAUUCCGAGCUCCUAU  1360  1370  1380  1390  1400  1410  1420  1430  1440  1SF1DGR1PNCINHLCWVY1RVKFESEEVF   1450  1460  1470  1480  1490  1500  1510  1520  1530  KQKFGEVUVSKPGESELPPDFEVTFSKVTT  UAUCACAAGUUCGGUCAGGUAGAUGUUACUACCUUCGGCGAGUCGGAACUUCCUCCGGAUUUCGAAGUCACUU1JCACUAACGUGACUACC  1540  1550  1560  1570  1580  1590  1600  1610  1620  LVNKSLVRKSELLEIMNNELKQELTNKLDS  CUGCUGAAUAAGUCCUUCGUGCGAAAAAGCGAGCUUCUCCAAAAGAUCAACAAUGAACUCAAACAGGAAUUAACUAACAACCUUCAUUCC  1630  1640  1650  1660  1670  1680  1690  1700  1710  LEKVNVqLKKELSqAQQSNFTELRDCLlLN  CUG<^AAACWUAAAlKnJUCAGllUAAAGAAC««ACUUAGUCAACCCCAACAAAGl)AAUUUCACl)GAAUUGCCCGACCGCUUGAUCUUAAAC  1720  1730  1740  1750  1760  1770  1780  1790  1800  FStVGCRlHRMVVRSIQNQLKLVSElNNDG  UUUUCAAAAGUUGGCGWACAAUCCAUCCUAUCCUUGIICAC^UCC^UCCAAAAUCAGCUUAAGCUUGUUUCCCAAADCAAUAAUGAUGCU  1810  1820  1830  1840  1850  I860  1870  1880  1890  DRWATMGATV1LKEGAQYLCFVVVKNDGK1  GACACGUCXMM»ACAAUGGGAGCDACGGUMUUCUAAAG<^UGGAGCOCAGUAUUUACGGUUUGUUGUUCUAAAGAAUGAUGGCAAAADC  1900  1910  1920  1930  1940  1950  I960  1970 UGCAGGGCGUUCUUGAUAAGCUUAACUCCGCAGUUACAUlMGCUUCCGAUAAUDGUUCAGUUCCGCAGUACAAGGUUGAAUACAGtJAUUU   2260  2270  2280  2290  2300  2310  2320  2330  2340  STQENVLDVWSVGC1SEGVPVCDGTYPFSI  CUACACAACAGAAUGlJAClK^^UGUCUGC^AGGUGGGUUGUAUCUCUGAGGGCGUUCCGGllCUGUGACCGCACAUACCCtJUUCACOADUG  G  G U  U  C  2350  2360  2370  2380  2390  2400  2410  2420  2430  EVSL1WVATDSTRRLNVEELNSSDYIEGDF  AAGUGUCGCUCAUUUGGCUUGCUACUGAUUCGACUACACGUCUUAAUGUGGAAGAACUGAACAGUUCAGACUACAUUCAAGGCCAUDUUA  A  G  U  C U  C  2440  2450  2460  2470  2480  2490  2500  2510 G  3070  3080  3090  3100  3110  3120  3130  3140  3150  UAUCUGUUUCUGUGUAUAGACUCUUUCAGAUUGGUGUUUGACCAACUCADUCUCUUACCAUAGGCCAACGGACUUUGUUUGUCUUGUUAU  C  G C  A  A  3160  3170  3180  3190  3200  3210  3220  3230  3240   A  CGCG  3250  3260  3270  3280  3290  3300  UGAUCCUUACAAAGGCAAAAGGGGUAAAACCCCUCGCCUACCIIAAGCCUUAUUACGCCC  3340  3350  3360  3370 
AUAAAACAUUGCAC<^UGUUGCUGCCCUGGCUGGCCUAUGUCUUUCAACGCAGUACAAUC»JCCUAAUUGACAAGUIK£AGAACCCCCUA
ICPJM A G S Y G t T F U C K l L D D L S G A U V E K H N W
Homology between TRV-RKA8.
The RNA 2 sequences of TCM, PSG and CAM were compared by "dot riot" analysis using the UWGCG progranme. Significant homologies were found between the coat protein cistrons and the 3'-terminal 44 nucleotides of the three RNA molecules. The homology between the coat protein dstrons 1s also reflected at the level of the encoded proteins. Figure 3 shows an alignment of the amino acid sequences of the three coat proteins. The following homologies can be observed: TCM/PSG, 392 homology (80 amino acids in common); TCM/CAM, 40%
homology (83 amino acids in common); PSG/CAM, 43$ homology (90 amino adds 1n common). A comparison of TCM-RNA 2 and PSG-RNA 2 reveals several homologies that are absent in CAM-RNA 2. At the 5'-end there is a 90% homology between the first 142 nucleotides. The 3'-terminal PSG-RNA 2 sequence of 497 nucleotides that is homologous to RNA 1, is also present in TCM-RNA 2 with a few substitutions. However, in TCM-RNA 2 the homology with RNA 1 continues for another 602 nucleotides. Just upstream of the RNA 1 derived sequences, there is a 70% homology between a sequence of about 80 nucleotides in TCM-RNA 2 (nucleotides 2144-2230) and PSG-RNA 2 (nucleotides 1328-1409).
The homology of TCM-RNA 2 to six other tobravirus RNAs was also investigated using restriction fragments of TCM-cDNA as probes in the hybridization to Northern blots. Figure 4A shows a schematic representation of the five probes that were used; Figure 4B lists the results that were obtained. Probe nucleotides; a similar sequence is probably also present at the 5'-termini of TAK-RNA 2 and ORY-RNA 2. Probe 2 does not hybridize to PSG-RNA 2 or CAM-RNA 2. Apparently,the homology between the coat protein cistrons revealed by "dotplot" analysis, 1s to low to permit detectable cross-hybridization at the stringency used. However, probe 2 strongly hybridized to PEBV-RNA 2, indicating that the coat protein cistrons of TCM and PEBV are highly homologous. Similarly, the results with probes 3 and 4 indicate that PEBV-RNA 2 contains a reading frame that is homologous to the 29.IK cistron in TCM-RNA 2. The hybridization of probe 4 with PSG-RNA 2 is probably due to the homologous sequence of 80 bases occurring just upstream of the RNA 1 derived sequence. Probe 5 recognizes the RNA 1 derived sequences in RNA 2 of the cluster 1 viruses (PSG, TAK, ORY, SYM), but does not hybridize to RNA 2 of PEBV or CAM. Probes 1 to 4 did not hybridize to RNA 1 of any strain; probe 5 hybridized to RNA 1 of the cluster 1 viruses.
DISCUSSION
The results reported in this paper indicate that the variability in length of TRV-RNA 2 is caused by two factors: (1) the presence of a second gene in the RNA 2 specific sequences of relatively long RNA 2 molecules, and (2) show a 100? homology with the corresponding RNA 1 molecules over a length of 459, 497 and 1099 nucleotides, respectively, suggests that in some way sequence differences are corrected in this region. Inspection of the junction between the RNA 2 and RNA 1 specific sequences in PSG-RNA 2 (3) and TCM-RNA 2 (asterisk in Figure 2 ) shows the occurrence of the sequence AUAAUUGUU just downstream both junctions. This sequence resembles the 5'-termini of genomic and subgenomic TRV-RNAs (3) and may reflect a possible internal initiation site for the viral replicase in a minus-strand template. If a replicase molecule, attached to a nascent RNA 2 chain, leaves the minus-strand RNA 2 template, and reinitiates at an internal site of a minus strand RNA 1 template, a chimaeric transcript is made with a 3'-end that is identical to RNA 1. Such a transcript may be replicated by the RNA 1 encoded replicase in preference over transcripts with 3'-termini that are not identical to the RNA 1 sequence.
Tobraviruses of cluster 1 (serotype I -I I) and cluster 3 (strain CAM, serotype III) are considered to be serologically distinct groups (2) . The comparison made in Figure 3 shows, however, that at the amino acid sequence level there 1s no clear distinction between the coat protein of the two serotype I-11 viruses (TCM and PSG) on the one hand and that of the CAM strain on the other hand. A possible serological relationship between the coat proteins of the three strains is being investigated. The observation that TCMcDNA probes cross-hybridize with PEBV-RNA 2 ( Figure 4) correlates well with an earlier report that a Dutch isolate of PEBV is serologically related to a TRV serotype I -11 isolate (19) . The results shown in Figure 4 indicate that, in their association with TCM-RNA 1 and PEBV-RNA 1, the coding sequences of TCM-RNA 2 are accomodated with different 5'-and 3'-terminal sequences. It is possible that the mechanism of copy-choice, as discussed in the previous paragraph, permits the attachment of different termini to the TCM-RNA 2 coding sequence, thus enabling the replication of this sequence by the replicases encoded by either TCM-RNA 1 or PEBV-RNA 1. For a more detailed insight in this matter, sequence studies on the PEBV genome are required.
